Temperature compensation of circadian period length in 12 clock mutants of Neurospora crassa has been examined at temperatures between 16 and 34°C. In the wild-type strain, below 300C (the "breakpoint" temperature), the clock is well-compensated (Qlo -1), while above 30°C, the clock is less well-compensated (Qlo -1.3). For mutants at the frq locus, mutations that shorten the circadian period length (frq-4,frq-2,frq4, and frq-6) do not alter this temperature compensation response. In long period frq mutants (frq-3, frq-7, frq-8) 2 To whom reprint requests should be sent. the rhythm is less than one. An "over-compensation" explanation seems the most plausible for this fact (10). (b) Circadian systems can be phase-shifted, or reset, by temperature steps or temperature pulses (23). This indicates that the clock recognizes temperature differences and adapts to new steady-state temperatures. In this regard, Pavlidis et a!. (15) have proposed a mathematical model for temperature compensation which also accounts for a large pan of the data on phase shifting by temperature steps and pulses. (O) For a number of organisms, such as Euglena (2) and Neurospora (19) , the apparent temperature independence exists only within a limited temperature range, and outside this range the circadian system becomes significantly more temperature-dependent. This suggests that a temperature compensation mechanism works efficiently only within certain physiological or biochemical limits.
Circadian rhythms are daily oscillations that persist in constant conditions with periodicities close to, but not exactly, 24 h. A striking feature of these rhythms is that their period lengths are nearly constant over a wide range of physiological temperatures, a feature called temperature compensation.
The importance of temperature compensation has been widely discussed since its emphasis by Pittendrigh (16) in 1954, who used it to argue that circadian rhythms were a manifestation of an internal biological clock with a time-keeping function for the organism, and that such a clock must keep accurate time at different ambient temperatures. Mechanistically, such a system could approach temperature independence in the true sense by having its rate determined by physical processes such as diffusion, whose rates are proportional to the absolute temperature (3) . Alternatively, the apparent temperature independence could be achieved by a temperature compensation system (2, 10) , whose overall temperature independence is the result of the interaction of two or more components, each of which is temperature-dependent.
Several lines of evidence indicate that circadian rhythms are temperature-compensated rather than temperature-independent. (a) For some organisms (e.g. Gonyaulax polyedra) the clock runs slightly faster at low temperatures than at high ones-the Qlo of 1 Supported by Grant GM-22 144 from the National Institute of General Medical Sciences.
2 To whom reprint requests should be sent. the rhythm is less than one. An "over-compensation" explanation seems the most plausible for this fact (10) . (b) Circadian systems can be phase-shifted, or reset, by temperature steps or temperature pulses (23) . This indicates that the clock recognizes temperature differences and adapts to new steady-state temperatures. In this regard, Pavlidis et a!. (15) have proposed a mathematical model for temperature compensation which also accounts for a large pan of the data on phase shifting by temperature steps and pulses. (O) For a number of organisms, such as Euglena (2) and Neurospora (19) , the apparent temperature independence exists only within a limited temperature range, and outside this range the circadian system becomes significantly more temperature-dependent. This suggests that a temperature compensation mechanism works efficiently only within certain physiological or biochemical limits.
In recent years, several laboratories have turned to genetic analysis to help elucidate the molecular mechanisms underlying circadian clocks. Single gene mutants that alter the free-running period length of the rhythm have now been found in four organisms-Drosophila melanogaster (12) , Drosophila pseudoobscura (17), Chlamydomonas reinhardi (1) , and Neurospora crassa (6) . It is of interest to determine whether the mutations that alter period length in these strains also affect temperature compensation of period length. In C reinhardi, the mutants have normal temperature compensation (1) while in D. melanogaster some small differences in the Qlo values have been found (11) .
In N. crassa, several analyses of the temperature responses of the wild-type (ie. band) strain have been carried out. Temperature steps and pulses produce phase shifts similar to those seen in other organisms (8) . In addition, the period length of the rhythm is temperature-compensated, but only within a limited temperature range. Sargent et al. (19) found that between 18 and 250C, the Neurospora clock has a Qlo of 0.95, i.e. it is slightly over-compensated, while in the range of 25 to 350C, the Qlo increases to 1.2.
This distinction between a low temperature range, in which the clock is well-compensated, and a high temperature range, in which it is less well-compensated, has recently been confirmed (13) , although small differences in the "break-point" temperature between the high and low range (30 versus 250C) and the Qlo in the high temperature range (1.3 versus 1.2) were observed.
The importance of temperature compensation as a distinguishing property of circadian rhythms has gained added interest recently as a result of attempts to explain this phenomenon in several molecular models of clock mechanism (14, 21, 22 (19) . This gene has no effect on the clock mechanism itself (6) . The following clock mutants were previously isolated in this laboratory:frq-l, frq-2, frq-3 (6),frq-4 (7), frq-6,frq-7,frq-8, chr (5, 9), prd-1, formerly called frq-5 (4), and prd-2, prd-3, and prd-4, formerly called UV IV-2, UV IV-4, and UV V-7, respectively (5). Table I lists the properties of these mutants.
Culture Conditions. Methods for maintaining stock cultures and for growing cultures to assay the circadian rhythm of conidiation on race tubes were as previously described (6) (Fig. 1) , and although the major break appears at 30°C in our study, there is also a smaller change in Qio at about 220C. It seems likely that the minor differences between studies depend on small differences in culture conditions, and the general character of the responses is quite similar among all three studies. (6, 7, 9) . Four of these have period lengths shorter than wild-type, while three are longer (Table I ). Figure 1 shows the period lengths of the short period mutants frq-J and frq-2 from 16 to 34°C and indicates that there is no significant difference in their temperature compensation from the wild-type. Frq-4 andfrq-6 were indistinguishable fromfrq-2. Figure 1 also shows that the long period frq mutants have a significant alteration in their temperature compensation. In the case offrq-3, the pattern of a high and low range is retained, but the temperature at which the change occurs is lowered from 30 to 25°C. In the case offrq-7, the change is more dramatic, because there is no detectable region where the Qlo is 1-i.e. the Qlo is approximately 1.3 for the entire temperature range of 18 to 340C.
Frq-8 was indistinguishable from frq-7. Thus, it appears that mutations at thefrq locus which shorten the period do not change the temperature compensation of the clock, but mutations which lengthen the period also lower the temperature at which the clock transitions from well-compensated to poorly compensated, and the longer the period length ofthe mutant, the lower this transition Figure 3 shows the temperature compensation of four double mutants. Chr and frq-3 each have changes in their temperature compensation ( Figs. 1 and 2) , and the chr frq-3 double mutant shows aspects of both abnormalities. It has the chr characteristic of being reasonably well compensated above 30°C but also the frq-3 characteristic of a higher Qlo value between 25 and 30°C.
With chrfrq-7, the most dramatic effect is that thefrq-7 characteristic of poor temperature compensation below 30°C is clearly evident in the double mutant. Thus, in these two double mutants, the altered temperature compensation of the two frq mutants is also evident in the double mutants, and the nature of the interaction (or lack of interaction) between thefrq locus and the chr locus does not change significantly at different temperatures.
In contrast is the behavior of the chr prd-l double mutant, which shows an unusually low Qlo value of 0.86 below 27°C, a value not seen in either single mutant. This indicates that the interaction between chr and prd-J depends on the temperature at which it is studied.
Finally, a double mutant offrq-2 prd-4 was studied. It shows much of the altered temperature compensation of the prd-4 single mutant throughout the entire temperature range.
Temperature coefficients of growth rates. It has previously been shown for the wild-type strain that growth rate on race tubes is temperature-dependent and thus differs significantly from the temperature independence of circadian periodicity (19) . To determine whether any of the mutations that alter temperature compensation of circadian periodicity affect the temperature coefficient of growth rate, growth rates were calculated from the race tubes used to determine period length. Figure 4 shows a plot of growth rate versus temperature for wild-type,frq-J,frq-3, andfrq-7. The wild-type curve is similar to that published previously (19) and all curves are similar to each other. The data forfrq-2,frq-4,frq-6, andfrq-8 were also the same as those shown. Thus, the mutations that alter the period length in all thefrq mutants and that also alter the temperature compensation of the clock in frq-3, frq-7, and frq-8 do not alter the temperature coefficient of growth rate. Figure 5 shows growth rates for the mutants at other loci. The growth curves of chr and prd-4 are the same as wild-type, and while the prd-3 and prd-I mutations reduce growth rates, the temperature coefficient of the growth rate is not changed. On the other hand, the growth rate ofprd-2, whose clock has an unaltered temperature coefflcient, has an unusual response to temperature. Although its response to temperature is normal below 25°C, above that temperature growth rate does not increase-i.e. above 25°C coefficient of growth rate (frq-3, frq-7, frq-8, chr, prd-3, prd-4), and (c) one mutation that alters the temperature coefficient of te ofprd-2 is temperature independent.
growth rate does not alter the temperature coefficient of the clock growth rate curves for several double mutants are (prd-2). Figure 6 . The temperature dependence of the growth These mutants offer a unique opportunity to test a number of tch of the single mutants used in these strains is normal ideas about the temperature compensation mechanism of the id 5), and no unusual growth interactions emerged, since clock. For example, Pittendrigh and Caldarola (18) suggested that rature coefficients of growth rate of double mutants are temperature compensation is just one example of a general hoal.
meostasis of the clock that is buffered against a variety of factors in the environment. Consistent with this suggestion is our recent DISCUSSION finding that in the wild-type strain above 30°C, the temperature at which the clock loses its temperature compensation, it also 1st striking result from these studies is the alteration in becomes sensitive to changes in nutritional conditions (13) . The rature compensation of the circadian clock in the long mutants with altered temperature compensation offer a much wider range of conditions in which to test this idea further.
In addition, there are a number of biochemical models for temperature compensation (10, 14, 21, 22) , including one that suggests that temperature dependent changes in the fatty acid composition of membranes could account for the temperature compensation of circadian clocks (14) . Again, these mutants should provide useful tools to test such models.
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